This study is to investigate the feasibility of low iodine concentration contrast material (CM) combined with low tube voltage and adaptive statistical iterative reconstruction (ASIR) in renal computed tomography angiography (CTA).
Background
Computed tomography angiography (CTA) is a minimally invasive diagnostic procedure commonly used in the assessment of vascular lesions in clinical settings [1] [2] [3] [4] [5] . In CTA, the arterial enhancement partially depends on the concentration of contrast material (CM) [6, 7] . Therefore, administration of high-concentration CM has become the routine clinical practice to increase the vascular attenuation of small and large vessels [2] . Along with the more popular application of CTA with high-concentration CM in clinical practice, public concerns have risen regarding the potential harms to patients that might be caused by radiation exposure and contrast-induced nephropathy (CIN) [8] [9] [10] [11] . Therefore, reducing the CT radiation dose and CM concentration without compromising image quality is of great importance and significance.
Several approaches to achieve dose reduction have been reported for body CT, one of which is to reduce the tube voltage [1, [12] [13] [14] [15] [16] . Low tube voltage with standard convolution filtered back projection (FBP) reconstruction algorithm can allow for reduced radiation dose and increased vessel density in patients undergoing contrast-enhanced CT, but it cannot compensate for high image noise in dose-saving strategies [1, 17] . Compared with FBP reconstruction, adaptive statistical iterative reconstruction (ASIR) can reduce the quantum noise and improve the image quality [14, [17] [18] [19] [20] [21] . The purpose of the current study was to prospectively evaluate whether low-concentration CM (270 mg/mL) with low tube voltage (100-kVp) and 40% ASIR (ASIR 40 ) reconstruction could reduce the radiation dose without decreasing the image quality in renal artery CTA.
Material and Methods

Study patients
A consecutive series of 155 patients who were scheduled to undergo renal CTA were identified from October 2015 to September 2016, including 78 renal transplant donors, 31 patients with suspected primary renal artery disease, and 46 patients with suspected abdominal aorta disease. Exclusion criteria included patients with serum creatinine level >120 µmol/L or anaphylactic reaction to iodinated CM. Eight patients were excluded because of either prior anaphylactic reaction to iodinated CM (n=3) or serum creatinine level >120 µmol/L (n=5). After examination, 11 patients were excluded based on evaluation of renal arteries: aortic-iliac thrombosis (n=4), aortic-iliac dissection (n=5), nephrectomy (n=1), and breath-hold failure (n=1). Consequently, 136 eligible patients were enrolled ( Figure 1 ) and randomly divided into two groups. Group A (n=68) received 120-kVp and iopromide 370 mg/mL with FBP reconstruction, and group B (n=68) received 100-kVp and iodixanol 270 mg/mL with ASIR 40 . This study was approved by the local Ethics Committee, and prior written informed consent was obtained from all patients.
Contrast-enhanced CTA protocols
All examinations were performed on a 64-row multi-detector CT system (Discovery CT 750 HD; GE Healthcare, Milwaukee, WI, USA). All patients were scanned in supine position with their hands over their heads, and the scanning range was from the aortic hiatus to the iliac crest. The scanning parameters were described in Table 1 . In group A, CT examination was performed on each patient with a routine dose protocol noise index (NI) of 8.0. In group B, ASIR 40 blend was applied according consecutive patients were approached, and 136 patients were finally enrolled. Of these 136 patients, 68 were randomly selected and assigned to the 120-kVp with FBP reconstruction protocol, while the other 68 were subjected to the 100-kVp with ASIR 40 reconstruction protocol. The CM concentrations were 370 mg/mL and 270 mg/mL iodine, respectively.
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to a previous study [14] , and a NI of 11.0 was chosen based on our early clinical experience, and related publications [22, 23] . The angiographic phases in groups A and B were obtained at high-concentration CM (iopromide, 370 mg/mL, Ultravist 370, Schering) and low-concentration CM (iodixanol, 270 mg/mL, Visipaque 270, Schering), respectively. An equal iodine delivery rate (1,500 mg I/s) and the same iodine dose (300 mg/kg body weight) were given to all patients, followed by a 45-mL saline flush at the same flow rate as the corresponding CM. For each patient, CM was administered with a high-pressure syringe injector through the right median cubital vein. Bolus tracking was used in both groups with a trigger level of 150 HU.
Image reconstruction and post-processing
Raw data from groups A and B were reconstructed with FBP and ASIR 40 , respectively. The reconstruction thickness was 0.625 mm, at an interval of 0.625 mm. Then, the image datasets for each patient were post-processed with the GE Volume Share 4 AW4.4 workstation (GE Healthcare), including volume-rendering (VR), multiple-planar-reformation (MPR), and maximumintensity-projection (MIP).
Radiation dose
To analyze the CT radiation dose, the dose-length product (DLP) and CT dose index volume (CTDIvol) of the arterial phase were recorded. The effective dose (ED) was obtained from the DLP via multiplying by a standardized abdominal conversion factor of 0.015 mSv/mGy cm.
Qualitative evaluation
Post-processed images were independently assessed with two radiologists, one with five-years of experience and the other with eight-years of experience in interpreting 3D visceral vascular images; the radiologists were unaware of the scanning protocols. Image quality and renal artery visualization were assessed with the 5-point scale system, based on the luminal border, image noise, and diagnostic acceptability [24] . The 5-point score was defined as: 1, non-diagnostic (blurring luminal border and unacceptable image noise); 2, poor but still diagnostic (notable blurring luminal border, significant image noise, and diagnostic with limitations); 3, moderate (less blurring luminal border, average image noise, and diagnostic with minor limitations); 4, good (sharp luminal border, less image noise, and diagnostic without significant limitations); and 5, excellent (sharp luminal border, no image noise, and diagnostic without limitations). The branch order of renal arteries was also visualized and assessed with a 5-point scale [25] : 1, poor (main vessels not seen); 2, suboptimal (first-order branch); 3, diagnostic (second-order branch); 4, superior (third-order branch); and 5, excellent (forth-order branch).
Quantitative evaluation
For quantitative image analysis, the attenuation values (CT value in Hounsfield units) and standard deviation (SD) of both renal arteries and abdominal aorta near the level of celiac artery were measured, respectively. The measurement was performed by manually outlining a region of interest (ROI) in the center of the vessel lumen (as large as possible, but away from the vessel wall or plaques to avoid artifacts and partial volume effects). In addition, the attenuation value of the sacrospinal muscle in the same slice of the corresponding artery was measured as the background noise. The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the vessels were obtained using the following formula: SNR=vessel attenuation value/SD, and CNR=(vessel attenuation value-sacrospinal muscle attenuation value)/SD. 
Results
Patient demographics and radiation doses
Patient demographics were shown in Table 2 . Our results showed that there were no significant differences in the patients' gender, age, height, weight, and BMI between groups A and B. For the CT radiation doses, as shown in Table 3 , the CTDIvol, DLP, and ED in group B were all significantly less than those in group A (p=0.000). Compared with group A, CTDIvol, DLP, and ED in group B decreased by 38.58%, 37.24%, and 37.24%, respectively. These results suggest that the protocol in group B was a pragmatic approach significantly reducing radiation dose.
Qualitative analysis
Qualitative analysis indicated the subjective image quality score showed no significant difference between groups A and B (p>0.05) ( Table 4 , Figure 2 ). Compared with group A, the image quality in group B was not decreased. Moreover, the k value of inter-observer agreement for the subjective image quality was 0.73, indicating good inter-observer agreement between the two observers. Assessment of the renal artery branch orders indicated that there was no difference between these two groups (p>0.05) (Table 4, Figure 3) . Again, the inter-observer Table 4 . Qualitative analysis of images between Group A and Group B.
CTDIvol -CT dose index volume; DLP -dose length products; ED -effective dose. agreement in the values of left and right renal arteries between the two observers was good (k=0.66 and 0.72, respectively).
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Quantitative analysis
The CT values, image noise, SNR, and CNR were analyzed and compared between groups A and B. As shown in Table 5 , group B showed significantly higher CT value than group A, in the renal arteries and abdominal aorta (all p=0.000) (Figure 4 ). For the image noise, there was no significant difference between groups A and B (p>0.05). The evaluation showed higher SNR and CNR in group B than in group A (p<0.05) (Figure 4 ). Taken together, these results suggest that, our protocol can provide superior diagnostic quality images. Table 5 . Quantitative analysis of images between Groups A and B.
AA -abdominal aorta; LRA -left renal artery; RRA -right renal artery.
A B Figure 4 . Analysis of MIP images. MIP images were obtained from a 68-year-old man and a 64-year-old woman subjected to the protocols of (A) 120-kVp, iopromide 370 mg/mL and FBP reconstruction and (B) 100-kVp, iodixanol 270 mg/mL and ASIR 40 reconstruction, respectively. The CT attenuation values, SNRs, and CNRs at the left renal arteries were 381.53 HU, 17.3, 18.9, and 437.08 HU, 19.2, 21.1, respectively.
Discussion
In this study, the effects of CM with low iodine concentration administered in an intra-individual setting and low tube voltage with ASIR 40 on the image quality and radiation dose were investigated. Our results showed that, compared with the conventional protocol (using high iodine concentration CM iopromide 370 mg/mL and 120-kVp with FBP reconstruction), the application of iodixanol 270 mg/mL combined with 100-kVp and ASIR 40 lead to significant vascular attenuation, higher SNR and CNR, and comparable image quality (with reductions of 38.58% in CTDIvol, 37.24% in DLP, and 37.24% in ED). These findings indicated that our "double-low" protocol was a promising approach significantly reducing the radiation dose while providing superior diagnostic quality images, and as such should be recommended for use in renal CTA examinations.
CTA plays a very important role in the assessment of vascular diseases. However, the administration of high iodine concentration CM always yields high vascular attenuation in the large and tiny vessels [7] . Particularly in clinical practice, application of high iodine concentration CM might increase the risk of CIN, not only because of the high concentration but also the high viscosity and osmolality. The chemical properties (especially the viscosity) are important factors involved in toxic side effects [9, 10] . Application of low iodine concentration CM with moderate viscosity and osmolality is essential to reduce the iodine burden in the kidneys. In this study, the isoosmolar CM iodixanol 270 mg/mL with viscosity of 5.80 mPa·s at 37°C was used to increase the vascular attenuation in CTA, which may be crucial to patients who have CTA examination without recognizing the risk of poor renal function.
In our study, the administration protocol was different from pervious publications [1, 7, 9, 25] . In those studies, the same injection flow rate and volume were used for different CMs. Therefore, it was not surprising that higher iodine concentration CM was found to produce higher contrast enhancement, compared with lower iodine concentration CM. In our administration protocol, an equal iodine delivery rate (1,500 mg I/s) and the same iodine dose (300 mg/kg body weight) were given to all patients. Our protocol was based on the common clinical practice that CM with moderate iodine concentration (300 mg/mL) was always administered with the empirical delivery rate of 5 mL/s. This meant that the low iodine concentration CM must be administered with a higher flow rate (in mL/s), compared with high iodine concentration CM. However, the increased injection rate would require larger needles and might result in extravasation. Actually, previous studies have reported that, when the injection rate was under 6 mL/s, there was no correlation between injection rate and extravasation incidence [26, 27] . Consistent with this finding, in our study, the flow rates of 4.05 and 5.56 mL/s were applied for iopromide 370 mg/mL and iodixanol 270 mg/mL, respectively, and no extravasation occurred. Increased vascular attenuation may be achieved by using low-concentration CM in addition to low tube voltage, due to the closer proximity to the k-edge of iodine and the subsequently increased beam attenuation [28] . Therefore, our administration protocol was considered highly feasible.
In this study, there was a significant difference in the renal vascular contrast between the 120-kVp with iopromide 370 mg/ mL and 100-kVp with iodixanol 270 mg/mL. In line with this, a previous study demonstrated that the contrast conspicuity in renal CTA could be compensated at reduced tube voltage with low iodine concentration CM, which was recommended for clinical practice [1] . However, another study showed that reduced tube voltage may result in increased image noise and background noise due to low photon flux, and might adversely affect the diagnostic accuracy of the images [29] . So image quality impairment associated with low tube voltage may present a big challenge. Fortunately, ASIR has been shown to decrease image noise and effectively increase SNR and CNR compared to FBP reconstruction [14, 17, 18] . ASIR depends on the mathematic model and statistical iteration of raw CT data, which selectively identifies and reduces the image noise [23] . It has the potential to maintain and improve the diagnostic ability of CT examination performed at reduced doses [30] . Our findings confirmed that 100-kVp with ASIR 40 reconstruction could significantly reduce the radiation dose in renal CTA, without compromising the image quality, compared with 120-kVp with FBP reconstruction.
In this study, the automatic tube current modulation (ATCM) technique was used, which has been reported to reduce the overall radiation dose by rapidly altering the mA as the gantry rotates around the patient, and at the same time maintain acceptable image quality. For the ATCM, an appropriate NI becomes really important to reach as low as reasonably achievable dose. The NI could alter the mA range, over which the tube current varies during the gantry rotation, producing the image noise [22, 31] . In this study, our results showed that ASIR 40 technique with 100-kVp allowed 38.58% decrease in CTDIvol and 37.24% reduction in DLP, without compromising the image quality, compared with the FBP technique with 120-kVp for the renal CTA examination using the ATCM technique. Consistent with this finding, a previous study found that the ASIR technique resulted in a reduction of 24.5% to 26.5% in radiation dose compared with the FBP technique for abdominal CT examination performed with ATCM [32] . Our study observations contribute to existing data regarding the combination of low-concentration CM, low tuber voltage, and ASIR in renal CTA. Furthermore, we found no significant differences in gender distribution, mean age, and height and weight of patients between the two groups.
